We design and numerically investigate a graphene-based asymmetric nanoantenna microstructure that can be used to realize electrically controllable, unidirectionally propagating broadband surface plasmon polaritons. The device geometry facilitates the simultaneous excitation of two localized surface plasmons resonances in the whole structure, and consequently, the asymmetric nanoantenna can be considered as being composed of two oscillating magnetic dipoles, wherein the interference of the radiated electromagnetic waves leads to a unidirectional propagation effect. Our results indicate that our proposed active device is promising for realizing compactable, tunable, terahertz plasmonic light sources. 
Introduction
Surface plasmon polaritons (SPPs) are the electromagnetic waves traveling along metal-dielectric or metal-air interfaces that originate from the interaction between light and collective electron oscillations on metal surfaces. SPPs have attracted considerable attraction in terms of their application to subwavelength-optics microscopy, lithography beyond the diffraction limit, and miniaturized photonics devices for practical applications. Owing to their characteristics of localized field enhancement and subwavelength confinement, SPPs have been widely applied in plasmonic metamaterial and metasurface applications [1] [2] [3] [4] . In this context, the generation of high-efficiency unidirectional plasmon waves has formed a fundamental research issue in the area of the nano-optics, since such generation is vital to realize novel nanoscale optical devices. Researchers have previously realized unidirectional SPP devices by adding two optimized grating structures (waveguides) on the opposite sides of a slit, wherein the confined SPP propagation behavior can be analyzed in the terms of the SPP dispersion curves [5, 6] . Subsequently, asymmetric slits [7, 8] , holes [9], nanoantennas [10], tilted gratings [11] , and dislocated double-layer gratings [12] based on the interference effect have been proposed for unidirectional SPP excitation. However, unidirectional devices generally need the fabrication of precise samples to satisfy the interference-effect conditions. Constraints within current nanofabrication technologies make it difficult to construct precise samples in experiments. Fortunately, it is possible to solve these problems through tailoring of the phase of the radiated electromagnetic (EM) waves by methods offering external control, such as those utilizing the spin-Hall effect [13, 14] , and those involving changing the polarization angle of incident light [15, 16] .
Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, exhibits almost all the electrical properties and functions required for integrated photonic circuits [17, 18] . Because of high carrier mobility and wideband absorption, graphene can be potentially applied in ultrafast broadband photodetectors [19, 20] . More importantly, the Fermi level of graphene depends on the bias or chemical doping, and thus, interband transitions can be switched on or off by shifting the Fermi level above or below the threshold value (ħɷ/2). Via tuning of the interband and intraband transitions, graphene can be utilized in designing for electro-optic modulators [21, 22] . In this regard, tunable graphene-based unidirectional devices have recently been proposed by Fang [23] and He [24] . However, these devices offer limited scope for integration due to their structural complexity. Thus, in this study, we design a graphene-based unidirectional SPP device composed of a single asymmetric antenna and Au/SiO 2 substrate. When compared with previously proposed devices, our designed structure can achieve the tuning unidirectional SPP propagation over a broadband wavelength range based on the interference of excited localized surface plasmons (LSPs).
Model and simulation
Figure 1 depicts the schematic of our proposed device. An asymmetric plasmonic antenna deposited on a graphene sheet is separated from a gold substrate by a 100-nm -thick SiO 2 spacer layer. The asymmetric plasmonic antenna is composed of three different metal strips with two non-identical cavities. The geometric parameters of the structure are shown in the inset of A plane transverse magnetic (TM) polarization wave (whose magnetic field is perpendicular to the y-z plane) with a wavelength of 6.4 µm is normally incident on the sample plane. Plasmon waves propagated upon application of a voltage V between the graphene sheet and the back-gated Au are investigated by means of the finite element method (FEM). The anisotropicity of graphene can be expressed by means of a diagonal tensor. Graphene's out-of-plane permittivity is set to 2.25, and its in-plane permittivity [25] can be obtained as
where σ g,i and σ g,r represent the imaginary and real components of the conductivity of graphene (σ g ), and ɛ 0 and t = 0.33 nm the vacuum permittivity and thickness of graphene, respectively. In the terahertz frequency range, the conductivity of graphene σ g can be described by means of the following Drude-like expression [26, 27] :
Here, f E and τ represent the Fermi energy level and carrier relaxation time, respectively.
Parameters E f and τ are given as ħv f (πn g ) 1/2 and μE f /ev f 2 [28] , respectively, with the Fermi velocity v f = 10 6 m/s and carrier mobility μ = 3000 cm 2 /(V·s). In our calculation, the permittivity of the spacer layer SiO 2 is assumed as 2.25, and the optical constants of gold are modeled by the Drude model with a plasma frequency of 1.367 × 10 16 rad/s and collision frequency of 6.478 × 10 13 rad/s. . Specifically, the excited SPPs field is highly delocalized, and it extends about four-fifths of incident wavelength to the air layer. Since the wavelength of SPPs is close to the incident light, the excited SPPs are Au-Air interface modes rather than Au-SiO 2 modes. Figure 2 (e) characterizes the extinction ratio η as a function of the Fermi energy (here, the extinction ratio η is defined as the ratio of SPP power flow along the right and left sides of the asymmetric antenna). An extinction ratio of η = 61 is achieved at the Fermi energy of 0.5 eV. It is a definitely good performance for a unidirectional SPP launcher with an electrically tunable property. In the following, we would like to unveil the underlying that attributes to this interesting effect It is well known that a metal nanostrip and a metallic mirror separated by a dielectric spacer can be regarded as a magnetic dipole resonator. Under the magnetic dipole approximation, the radiated field can be defined as [29] ( ) 
Results and discussions
where m  represents the magnetic dipole, n  the unit vector in the direction of r  with respect to the position of the dipole, ɸ the radiated phase of the dipole, k spp = 2π/λ spp the wave vector of SPPs given by [30] and ɛ Au are the effective dielectric constants of dielectric and gold, respectively). If the initial phases of the radiated EM waves excited by LSPs in the two cavities satisfy the following expressions [31] 1 2 2 ( ) ( ) (2 1)
Here, ɷ 0 denotes the resonance frequency in the absence of graphene, and L and L G the inductance of the metal pair and graphene, respectively. The inductance of graphene can be expressed as L G = -g/ɷ 2 ɛ 0 ɛ G t G = -g/ɤɷ 2 ɛ 0 E f t G (ɤ denotes a deduced coefficient for simplicity, and g denotes the cavity width), Further, C p represents the capacitance of the metal pair. The blue-shift of the resonance frequency results from decrease in the graphene inductance L G because of the injection of external carrier concentration. However, for the right cavity, the inductance of L G is large due to its larger size. From Eq. (7), we can infer that the resonance frequency in the right cavity [ Fig. 3(b) ] does not significantly change with increase in the Fermi energy. Thus, the resonant-peak shift affects the resonant phase change in the left cavity. The resonance phases in the left and right cavities are depicted in Figs. 3(c) and 3(d) , respectively. As expected, the tuning behavior of the resonant phase agrees well with the simulation results of the electric field in the two cavities. We next plot the phases corresponding to the left and right cavities as a function of the wavelength in Fig. 4 for the Fermi energy of 0.5 eV. The resulting plot confirms that the designed structure meets the phase relationship corresponding to the unidirectional effect. At an incident wavelength of 6.4 µm, a phase difference of ~/ 2 π can be obtained, which is in good agreement with Eq. (6). In addition, by dynamically tuning the Fermi energy of graphene, we can achieve unidirectional SPP propagation over a broadband wavelength range (at incident wavelengths of 5.7-6.7 μm, see Fig. 6 in the Appendix). These results indicate that the unidirectional effect is caused by the interference of the radiated EM waves induced by the two cavities. It is observed that the graphene sheets rightly locate at the strong field region in both cavities that ensures the tunability by changing the graphene's Fermi energy. However, by comparing the field intensity in two cavities, one can find that the left cavity has much stronger field enhancement than the right one, which would reasonably attribute to the different resonant effect according to different cavity parameters. So that, the stronger enhancement of field on graphene, the bigger resonance shift with respect to different Fermi energy (the left cavity), and vise versa (the right cavity), which agree well with the results in Fig. 3(a) and 3(b) . Here, the normalized field intensity in the graphene region for left cavity is ~160 V 2 /m 2 , and the right cavity is ~8.17 V 2 /m 2 . The tunability of the cavity is proportional to the field intensity in the graphene region. Thus, the left cavity can provide a significantly larger tunable range than the right cavity. Our analyses indicate that the interaction between graphene and the asymmetric antenna gives rise to the directional SPP propagation with tunable capability. 
Conclusions
In summary, we designed an asymmetric antenna with a graphene sheet on a SiO 2 /Au substrate. By applying an external voltage between graphene and Au substrate, we can control the phase of the radiated EM waves, which leads to their constructive or destructive interference along a certain direction. With the development of modern nanofabrication technology, it is possible to fabricate the proposed sample structure by transferring a chemical vapor deposition (CVD)-grown graphene sheet onto SiO 2 /Au substrate. The antenna structure and electrode can be fabricated on the graphene sheet by means of electron beam lithography (EBL), electron beam evaporation and lift-off. Such a flexible device can be utilized for diverse plasmonic light sources for future on-chip integration applications [33] [34] [35] [36] .
